r  AD-AI30  022  THE  STRUCTURE  OF  POLYURETHANE  ELASTOMERS} U )  1/1 

S  CASE-WESTERN  RESERVE  UNIV  CLEVELAND  OH  J  BLACKWELL 

I  14  JUN  83  ARO- 13435. 5-CH  DAAG29-76-C-0070 

F/G  7/3 


UNCLASSIFIED 


NL 


MICROCOPY  RISOLIHION  UM  CHARI 


MIC  RLE  COPY  ADA  1  3  0022 


UNILASS  I  *•  1  ED _ A 

lTY  Cl  ASSiFiCATion  or  THIS  PAGE  a»N»n  D,  l,  Knl,„d) 

REPORT  DOCUMENTATION  PAGE 


i-uh  a 


•  [►OUT  NUMBER 


I*  title  < md  Submit) 


a  ifF  READ  INSTRUCTIONS 

_ _ BKKORK  COMPLETING  KORN 

2  GOVT  ACCESSION  NO ~  RFC  iPl  EN  T's  C  A  T  ALOG  NUMBE  R 


\A0  -A  I  3  D  £>>: 


Tht'  Structure  of  Pol vurethane  Elastomers 


S  TYPE  OF  REPORT  A  PERIOD  COVERED 


Final  3/1/76  -  9/30/82 


S  ME  Ml  OWNING  ORG  REPORT  NUMBER 


AuTHORIW 

John  Blackwell 

Professor  of  Macromo Locular  Science 


*  CONTRACT  OR  GRANT  numberc*; 

DAAG29  76G  0152 
DAAG29  76C  0070 


PERFORMING  ORG  ANI  2  ATion  name  and  adoress 

Case  Western  Reserve  L'ni versi  ty 
Cleveland,  Ohio  44100 


io  program  element. project,  task 

AREA  a  WORK  UNIT  NUMBERS 


controlling  office  NAME  ano  aooress 

1'.  3.  Amy  Peseamr.  Office 
Pop-  Trice  Box  i  ??[  . 

Research  Triangle  Park ,  NC  2 7709 


U  REPORT  DATE 

6/14/83 

13  NUMBER  OF  PAGES 

23 


MONITORING  AGENCY  name  »  AOOBESVII  dill,,, nt  Iron,  Controlling  Otllc,)  IS  SECURITY  CLASS,  (o  I  I  hi,  report; 

I’.S.  Army  Research  Office 

P.0.  Box  12211  Unclassified 

Research  Triangle  Park  's».  declassification/ down  grading 

!  NC  27709  scneoule 

[i«  DISTRIBUTION  statement  tol  Ihl.  R,porl) 


Approved  for  public  release;  distribution  unlimited. 


,j  l.  i  rj83  n 


I  t7  OiSTR»euT»OH  STATE*EMt  {0f  mbotimct  mntmr+4  In  Block  20.  It  dltfmrmnt  trxxn  Rwport)  # 


>%  1UPPLEMCMTARY  notes 

The  view,  opinions,  and/or  findings  contained  in  this  report  are  those  of  the 
author  is. i  and  should  not  be  construed  as  an  official  Department  of  the  Army 
position,  oolicy,  or  decision,  unless  so  designated  by  other  documentation. 

K6V  WORDS  ( Continue  on  tmwf  *<dm  ft  nmcoftry  and  tamntity  Oy  otocu  numOor) 

I’d  vu r e t ha ne ,  F.Iastomer,  Block  Copolymer 

X-ray  Diffraction,  Conformation,  Structure-Property  Relationships 
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—m  Pol  vurethane  elastomers  derive  their  properties  from  phase  separation 
into  hard  (urethane)  and  soft  (polyether  or  polyester)  domains.  We  have  used 
x-ray  diffraction  and  confomrat iona I  analysis  to  determine  the  structure  of 
tiie  hard  domains  in  Ml)  I /d  io  I  /  po  1  yes  t  e  r  polyurethanes.  A  new  structure  has 
been  developed  for  Ml) I  / butand io  1  (Ci,)  hard  segments,  based  on  the  following 

approaches.  Solution  of  structures  of  two  MDI  derivatives  showed  the  basic 
!  features  of  the  polymer  conformation,  packing,  and  hydrogen  bonding.  Better 


DO 


EOTTION  of  3  MOV  S»  IS  OBSOLETE 


UNCLASSIFIED 


-.SECURITY 

06  30  108 


Cl  AWirifATiOM  nr  TNI*  PACbF  rWKmn  Tlmtm  F.ntmto rfl 


SECURITY  CLASSIFICATION  OF  THIS  PACerWTxn  Omlm  Bnlmtmd) 


2 


Aiio  TRACT  CONTIiiUZD 

■  quality  x-ray  patterns  allowed  determination  of  the  unit  cell.  Potential 
energy  conformational  analysis  was  applied  to  polyurethanes  for  the  first 
time.  The  results  point  to  a  fully  extended  poly (MDl/butandiol)  chain 
linked  to  its  neighbors  in  a  stabilizing  two-dimensional  hydrogen  bonding 
network. 

This  work  was  expanded  to  the  polyurethanes  prepared  using  the  C ?  - 
Cg  homologous  series  of  diols.  The  even  diol  series  (except  C'2 )  adopt 
fully  extended  structures  like  that  for  the  (T^  polymer.  In  contrast  the 
odd  diol  series  adopt  higher  energy  contracted  conformations,  probably 
in  order  to  form  intermolecular  hydrogen  bonds,  ^-Ttre  odd  series  are  less 
crystalline,  as  might  be  expected  since  the  lower  energy  extended  forms 
can  crystallize  more  easily.  Crystallinity  is  part  of  the  driving  force 
for  phase  separation,  and  hence  the  results  correlate  with  the  better 
properties  generally  seen  for  the  even  diol  series  of  polyurethanes. 
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INTRODUCTION 

For  the  last  six  years  we  have  used  x-ray  diffraction  and  other 
physical  chemical  methods  to  determine  the  physical  structures  of  these 
materials,  and  have  thereby  extended  our  understanding  of  their  struc¬ 
ture-proper  tv  relationships.  Our  main  concern  has  been  to  determine 
the  structures  of  the  hard  domains.  Polyurethane  elastomers  are  block 
copolymers  consisting  of  alternating  hard  (urethane)  and  soft  (usually 
polyester  or  polyether)  segments  that  are  respectively  below  and  above 
their  glass  transition  temperatures.  The  elastomeric  properties  derive 
from  phase  separation,  such  that  the  hard  segments  form  discrete  do¬ 
mains  (1,2)  in  the  matrix  of  the  soft  segments:  the  hard  domains  serve 
as  virtual  crosslinks  and  also  as  filler  particles.  Polymers  of  this 
tvpe  include  thermoplastic  and  cast  polyurethane  elastomers,  and  also 
Spandex  fibers,  and  range  in  properties  from  soft,  highly  extendable 
materials  to  hard  compositions,  more  like  conventional  plastics. 

In  our  research  we  have  been  mainly  concerned  with  the  important 
group  of  polyurethanes  in  which  the  hard  domains  are  prepared  from 
4 , 4 ' -diphenylmethane  diisocyanate  (MDI)  with  a  linear  diol  as  the  chain 
extender : 

—  [  —  {— OCONH  ©  CH;  ^NHCO-O —  — so^t  segment — — 

The  soft  segment  polymer  has  generally  been  roly(tetramethylene  adipate) 
(PTMA)  but  we  have  also  looked  at  some  preparations  that  used  copoly- 
(ethylene  oxide/butandiol  oxide) .  A  typical  polymer  that  we  have  studied 
is  prepared  from  MDI,  butandiol  (BDO),  and  PTMA  (Mh  -  2000)  in  the  molar 
ratios  6:5:1  respectively,  and  contains  approximately  equal  proportions 
of  hard  and  soft  segments. 
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The  MDI/diol  polyurethanes  form  the  basis  for  many  commercial 
preparations  (the  latter  are  often  more  complex,  due  to  added  features 
such  as  covalent  cross-linking)  and  their  structures  have  been  the 
subject  of  extensive  study.  In  these  copolymers,  the  hard  segments 
can  crystallize,  and  the  development  of  crystallinity  is  thought  to 
be  an  important  feature  of  the  virtual  cross-linking.  (3)  It  is  also 
a  factor  in  the  phase  separation  process,  (4,5)  which  in  turn  is  a 
major  determinant  of  the  bulk  properties.  A  detailed  knowledge  of 
Slow  polyurethanes  crystallize,  and  the  role  of  crystallinity  in  phase 
separation,  will  lead  to  considerable  improvement  in  our  understanding 
of  their  structure-property  relationships.  Our  results  will  also  have 
implications  for  the  structure  of  other  polyurethane  materials,  notably 
foams  and  adhesives,  and  for  block  copolymers  in  general. 

Studies  of  the  mechanical  and  thermal  properties  of  MDT/diol  poly¬ 
urethanes  have  shown  that  they  depend  considerably  on  the  chemical 
structure.  (6)  Naturally  they  depend  on  the  relative  proportions  of 
hard  and  soft  segments,  and  on  the  average  segment  lengths.  In  addition, 
it  is  found  that  the  properties  vary  with  the  length  of  the  diol  chain 
extender  (i.e.,  the  number  of  CH2  groups,  x) ,  when  all  other  factors 
are  held  constant.  (7-9)  As  will  be  seen  below,  we  have  shown  that 
the  hard  domains  prepared  from  odd  and  even  diol  chain  extenders  have 
different  types  of  crystal  structures,  i.e.,  the  hydrogen  bonding  and 
oilier  molecular  interactions  are  different,  and  this  can  be  correlated 
with  the  reported  zigzagging  of  the  properties  from  odd  to  even  along 
the  homologous  series  of  chain  extenders. 

I'he re  has  been  considerable  work  on  the  physical  structures  of 
those  systems  using  a  wide  variety  of  techniques,  including  small  and 
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wide  angle  x-ray  diffraction,  electron  microscopy,  infrared  and  NMR 
spectroscopy,  and  dynamical-mechanical  and  thermal  analysis.  The  general 
conclusion  has  been  that  the  hard  and  soft  segments  form  separate  domains, 
and  that  the  properties  are  critically  dependent  on  the  extent  of  phase 
separation.  We  have  been  concerned  with  the  th  ee-dimensional  arrange¬ 
ment  of  the  chains  in  the  crystalline  (or  paracrystal 1 ine)  hard  domains. 
Further  description  of  the  structure  is  in  terms  of  the  size  of  the 
hard  domains,  the  nature  of  the  boundary  regions,  and  the  extent  of 
residual  phase  mixing. 

Previous  to  our  work,  the  most  detailed  proposals  for  the  struc¬ 
ture  of  the  hard  segments  were  due  to  Bonart  and  co-workers.  (10-12) 
Stretched  annealed  films  of  the  MDT/butandiol /PTMA  elastomers  showed 
a  single  Bragg  reflection  that  could  be  assigned  to  the  hard  domains: 

O 

.in  off  meridional  at  d^7*9A  inclined  at  30°  to  the  meridian.  (The 
soft  segments  were  amorphous  following  annealing  at  temperatures  above 
their  melting  point.)  Bonart  suggested  that  this  reflection  arose  due 
to  staggering  of  adjacent  chains  along  the  fiber  axis,  in  order  to  form 
straight  C  =  0  •  •  •  H-N  hydrogen  bonds  between  the  urethane  groups,  as 
shown  in  fig.  1(a).  This  staggering  leads  to  Bragg  planes  inclined 
with  respect  to  the  chain  axis  that  could  be  responsible  for  the  observed 
reflection. 

Bonart 's  model,  however,  is  simply  a  schematic,  and  takes  no  account 
of  the  stereochemistry  of  the  molecules.  Figure  1(b)  shows  the  model 
derived  in  this  laboratory  (see  helow),  based  on  more  detailed  x-ray 
patterns  and  the  structures  of  model  it ,  4  ' -d  iplieny  1  methane  diurethane 
compounds.  (13-15)  The  chains  are  fully  extended  and  are  linked  by 
(!  =  ()•••  II  -  N  hydrogen  bonds  in  both  directions  perpendicular  to  their 
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(a)  Staggered  chain  structure  for  poly (MDI/butandiol )  proposed  by  Bonart  et  nl .  (11) 

(b)  S  t  e  reoclieniica  I  model  for  the  same  polymer  proposed  by  Blackwell  and  Gardner.  (13) 

(>  )  Proposed  hard  domain  structure  in  spherulitir  morphology  (Fridman  and  Thomas).  (17) 
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axes.  The  hydrogen  bonding  and  the  stacking  interactions  of  the  diphenyl  - 
methane  groups  lead  to  a  highly  stable  crystalline  structure. 

A  spherulitic  morphology  has  been  reported  for  polyurethane  elastomers 
based  on  transmission  electron  microscopy.  (16,17)  Efforts  to  resolve 
the  actual  domain  structure  are  made  difficult  by  the  problems  of  staining 
MDl/diol/polyester  or  polyether  specimens.  Koutsky  et  aj.  (18)  reported 

O 

the  existence  of  hard  domains  that  were  30  -  500a  in  diameter.  Later 
a  fibrous  or  lamellar  morphology  was  observed  by  Schneider  ejt  al,  (19) 
who  proposed  that  this  was  due  to  lateral  aggregation  of  the  chains, 
where  the  width  of  the  lamellae  would  be  determined  by  the  average  hard 
segment  length.  This  view  was  also  taken  by  Fridman  and  Thomas,  (17) 
who  observed  fibrous  (lamellar)  structures  in  MDI/butenediol/poly(propylene 
oxide)  specimens.  (In  these  specimens  the  butenediol  units  can  be  stained 
with  OSO4.)  The  model  proposed  by  the  latter  authors  for  the  hard  domains 
is  shown  in  fig.  1(c).  Small  angle  analyses  of  polyurethane  elastomers 
frequently  show  a  single  maximum  at  d  -  200A,  which  is  assigned  to  the 
separation  between  the  hard  domains.  (20-24)  Calculations  based  on 
a  lamellar  morphology  have  indicated  a  boundary  region  of  10  -  2oX  between 
the  hard  and  soft  domains. 

Most  physical  studies,  including  DSC  and  mechanical  property  data, 
suggest  that  the  phase  separation  is  not  complete,  i.e.,  there  is  residual 
phase  mixing.  (23-28)  Many  of  the  short  hard  segments  consisting  of 
only  one  or  perhaps  two  MDI  units  may  not  be  phase  separated,  (21)  and 
this  is  likely  to  apply  also  to  some  of  the  longer  chains  due  to  stereo¬ 
chemical  restrictions.  Infrared  spectroscopy  for  an  MDI/butandiol/polycster 
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specimen  by  Cooper  and  co-workers  (29)  showed  that  only  approximately 
60%  of  the  carbonyl  groups  are  involved  in  hydrogen  bonding  as  would 
occur  in  the  crystalline  hard  domains.  The  remainder  would  correspond 
to  the  non-phase  separated  hard  segments  and  some  of  the  carbonyls  in 
the  boundary  regions. 
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PROGRESS  REPORT 

Summary 

1 .  A  new  structure  has  been  developed  for  the  structure  of  MDl/butandiol 
hard  segments,  based  on  the  following  approaches. 

a)  Single  crystal  structures  of  two  model  4 ,4 '-diphenylme thane  di¬ 
urethane  compounds  were  solved  in  this  laboratory.  These  showed 
the  basic  features  of  the  monomer  conformation  and  the  molecular 
stacking  and  hydrogen  bonding. 

b)  Better  quality  x-ray  patterns  were  obtained  for  the  hard  segments, 
from  which  a  unit  cell  was  determined. 

c)  Conformational  analysis  was  applied  to  polyurethanes  for  the 
first  time,  and  the  fiber  repeats  were  calculated  for  the  various 
energy  minima. 

2.  The  above  research  was  expanded  to  study  the  structures  of  MDI/diol 
hard  segments  prepared  using  the  C2  -  Cg  series  of  diol  chain  exten¬ 
ders  . 

a)  The  even  diol  series  (except  C2)  crystallize  in  fully  extended 
minimum  energy  conformations  analogous  to  that  for  the  C4-polymer. 

b)  The  odd  diol  series  do  not  crystallize  in  the  fully  extended 
structures  but  rather  adopt  higher  energy  contracted  conforma¬ 
tions,  probably  in  order  to  optimize  their  hydrogen  bonding 
networks . 

c)  The  first  member  of  the  series,  the  C2-polymer,  also  has  a  contracted 
conformation.  This  may  be  because  the  (CH2)2  chain  is  too  short 
to  allow  adequate  packing  of  the  di phenylmethane  units  in  the  fully 
extended  conformation. 
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d)  There  are  indications  of  polymorphic  structures  for  the  Cg  and 
Copolymers . 

e)  The  results  can  be  correlated  with  the  zigzag  behavior  seen  for 
the  bulk  properties  along  the  homologous  series. 

3.  The  structure  and  morphology  of  the  soft  segment  polymer  was  inves¬ 
tigated  in  order  to  be  able  to  identify  the  features  of  both  hard 
and  soft  segments  in  the  data  for  the  copolymer. 
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DETAILED  REPORT 
1.  Model  Compounds 

Methanol-capped  MDI  (MeMMel)  and  butandiol  capped  MDI  (HOBMBOH) 
were  crystallized  from  methanol  solutions  and  their  structures  were 
solved  by  single  crystal  direct  methods  and  refined  by  least 
squares.  (15,10)  The  molecular  conformations  and  packing  of  these 
compounds  is  shown  in  fig.  2.  These  structures  were  solved  to  serve 
as  models  for  the  conformation,  packing,  and  hydrogen  bonding  of  the 
MI)l/diol  hard  segments  (no  structures  of  4 , 4 ' -diphenylmethane  diurethanes 
had  been  published  previously).  We  have  also  crystallized  propanol- 
capped  MDI,  but  have  not  attempted  to  solve  this  structure  as  yet.  We 
are  trying  to  crystallize  the  larger  compound,  butandiol-MDI-butandiol- 
MI) I-butandiol ,  but  have  not  been  successful  so  far.  The  compounds  were 
generously  supplied  by  Drs.  C.W.  Wilkes  and  C.S.  Schollenberger  of 
B.F.  Goodrich  Co.,  Brecksville,  Ohio. 

The  relevant  details  of  the  MeMMel  structure  (15)  are  summarized 
below. 

a)  The  central  C-CH2-C  bridge  angle  is  114*6°. 

b)  The  conformation  is  not  symmetrical,  despite  the  chemical  symmetry, 
i.e.,  the  two  ends  of  the  molecule,  designated  A  and  B  in  fig.  2(a) 
are  physically  different.  Nevertheless,  the  mutual  orientation  of 
the  phenyl  groups  (A  and  B)  is  90*0°,  corresponding  to  minimum  over¬ 
lap  of  the  rr-orbltals. 

c)  The  urethane  groups  are  planar  (including  the  terminal  carbon)  and 
are  oriented  at  39*4°  (A)  and  10*2°  (B)  to  their  adjacent  phenyls. 

d)  The  molecules  are  stacked  along  the  a  axis,  and  this  stacking  is  prob¬ 
ably  analogous  to  the  structure  of  the  polymer.  The  hydrogen  bonding 
Ol  the  A-urethanes  occurs  within  the  stack  of  molecules,  with  the 
B-urcthanes  bonded  to  adjacent  stacks. 


(d) 

Fig.  2 

(a)  Conformation  of  MeMMel.  (15)  The  molecule  is  not  symmetrical  and  the 
two  halves  of  the  molecule  are  designated  A  and  B. 

(b)  Molecular  packing  of  MeMMel  (15) 

(c)  Conformation  of  HOBMBOH  (30) 

(d)  Molecular  packing  of  HOBMBOH  (30) 
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The  HOBMBOH  structure  (SO)  was  solved  in  order  to  investigate  the 
urethane-diol  conformation.  As  can  be  seen  in  fig.  2(d),  the  packing 
is  quite  different  from  that  for  MeMMel,  probably  as  a  consequence  of 
the  need  to  hydrogen  bond  the  hydroxyls.  The  important  features  of 
the  structure  are  as  follows: 

a)  The  central  C-CH2-C  bridge  angle  is  105*2°  and  the  phenyl-phenyl 
orientation  is  98°,  which  gives  some  idea  of  the  tolerated  range 

in  these  parameters.  [The  structui.,..  of  three  diphenyl  methanes  (31) 
found  in  the  literature  have  conformations  more  similar  to  MeMMel.] 
The  molecular  conformation  is  symmetrical  with  a  phenyl -urethane  ori¬ 
entation  of  13*2°. 

b)  The  terminal  butandiol  -C^-0  chain  is  planar  but  is  oriented  gauche 
to  the  urethane  group. 

c)  The  molecules  are  stacked  along  the  a  axis  but  are  hydrogen  bonded 
along  the  b  axis,  i.e.,  perpendicular  to  the  stacks,  giving  a  sheet¬ 
like  structure.  There  are  no  urethane-urethane  hydrogen  bonds. 

As  will  be  seen,  these  structures  have  generated  considerable  in¬ 
formation  with  regard  to  the  polymer  structures.  The  structure  of  a 
second  form  of  methanol-capped  MDI  (MeMMel!)  has  been  solved  by  Hocker 
and  Born  (32)  at  Bayer  AG,  Leverkusen,  although  a  full  structure  has 
not  been  published  to  date.  (We  also  crystallized  this  polymorph,  but 
did  not  proceed  further  when  their  preliminary  report  was  published.) 

The  MeMMel I  structure  is  similar  to  that  of  HOBMBOH  in  that  the  hydrogen 
bonding  is  in  sheets  perpendicular  to  the  stacked  molecules,  and  is  of 
a  type  that  could  not  occur  for  the  polymer  chains. 

2 .  Proposed  Structure  of  Poly (MDI/butandiol)  Based  on  MeMMel 


The  model  for  poly (MDI/butandiol)  in  fig.  1(b)  was  predicted  (13) 
assuming  that  the  conformation  and  stacking  of  the  monomers  would  be  the 
same  as  in  the  MeMMel  structure.  (This  was  done  before  the  improved  x-ray 
patterns  became  available;  see  below.)  Space  does  not  permit  a  full  dis¬ 
cussion  of  the  packing  possibilities,  but  it  is  clear  that  in  the  polymer 
the  stacking  of  the  diphenalmethane  units  must  be  similar  to  that  for 
MeMMel  in  order  to  allow  for  hydrogen  bonding  of  the  urethanes.  It  should 
also  be  noted  that  the  molecules  are  fortuitously  crystallized  almost 
end-to-end  with  a  center  of  symmetry  between  them  [see  the  shaded  pair 
of  molecules  in  fig.  2(b)],  All  that  is  necessary  is  to  link  these  by 
a  -CH2-CH2-  chain  to  form  a  dimer  repeat;  the  polymer  chain  is  then  built 
up  by  translation.  We  assumed  a  planar  zigzag  conformation  arranged  trans 
to  the  urethane  group.  As  will  be  seen,  this  is  the  minimum  energy  con¬ 
formation.  The  MeMMe  molecules  are  linked  by  hydrogen  bonds  in  stacks 
along  the  a  axis.  This  bonding  and  stacking  is  retained  in  the  postulated 
polymer  model:  fig.  1(b)  is  a  view  of  the  stacked  polymer  chains  perpen¬ 
dicular  to  the  original  a  axis.  Thus  the  sheet  of  chains  in  fig.  1(b) 
is  lifted  straight  from  the  MeMMel  structure,  with  simply  the  addition 
of  a  t_rans  -CH2-CH2-  unit.  The  packing  in  the  third  dimension  was  determined 
approximately  by  stacking  such  sheets  to  form  straight  C  =  0**  -  H-N  hydrogen 
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bonds.  This  yields  a  structure  with  a  triclinic  unit  cell  with  approxi¬ 
mate  dimensions  a  =  5-2A,  b  =  4-8X,  c  =  35-OX,  a  =121°,  3=116°,  Y  =  83-5°, 
and  space  group  PI . 

The  model  is  attractive  because  of  the  stability  given  to  it  by 
the  hydrogen  bonding  network  and  the  stacking  of  the  diphenyl  methanes. 

The  chains  are  staggered  as  proposed  by  Bonart  ej:  al  (11)  and  the  tilted 
base  plane  of  the  unit  cell  would  give  rise  to  00^  reflections  inclined 
at  approximately  the  correct  angle  to  the  meridian.  When  fi  rst  conceived  the 
model  was  totally  hypothetical,  but  it  can  now  be  seen  to  be  approxi¬ 
mately  correct  as  a  result  of  further  x-ray  and  conformational  analyses. 

J5_._  X-ray  Diffrac ti un  P a 1 1 e rn s  o f  Poly(MDI/but andiol ) 

After  the  above  packing  model  was  derived,  we  were  able  to  obtain 
better  quality  x-ray  patterns  for  the  hard  segments.  Film  specimens 
of  MD1 /diol /PTMA  (M.  Wt.  2000)  were  prepared  in  the  mole  ratios  6:5:1 
and  7:6:1  for  the  homologous  series  of  diols  from  C,  to  Cg;  the  specimens 
were  synthesized  by  Dr.  C.S.  Schollenberger .  For  the  butandiol  (C^) 
polymer  the  films  were  stretched  700%  at  130°C  over  a  period  of  a  week. 

The  x-ray  fiber  diagram  (14)  shows  twelve  reflections  that  can  be  assigned 
to  the  hard  phase.  (We  can  be  sure  of  this  from  our  knowledge  of  the 
diffraction  characteristics  of  both  crystalline  forms  of  PTMA.)  (33) 

The  twelve  reflections  can  be  indexed  by  a  triclinic  unit  cell  with 
dimensions  a  =  5*05A,  b  =  4*67X,  c  =  37*9A,  a  =  3=116°,  and  Y  =  83*5°.  The 
similarity  between  this  unit  cell  and  that  proposed  from  the  model  building 
is  striking,  and  it  is  clear  that  our  proposals  are  along  the  right  lines. 


However,  a  criticism  of  our  unit  cell  from  the  x-ray  work  is  that 
it  gives  a  calculated  density  of  1*57  gm/cm3,  which  is  relatively  high. 

We  have  recently  been  able  to  measure  the  density  of  the  hard  segment 
homopolymer :  the  observed  density  is  rvl*3  gm/cm3,  and  the  difference 

is  too  great  to  be  due  to  incomplete  crystallinity.  We  cannot  find 
another  unit  cell  that  satisfactorily  indexes  the  observed  reflections. 
However,  we  now  have  evidence  that  suggests  that  three  of  the  reflections 
may  be  due  to  a  second  polymorphic  form.  The  remaining  nine  reflections 
are  all  indexed  hOf,  which  means  that  the  b  dimension  is  not  defined. 

If  a_=b=5*lA,  the  nine  reflections  would  be  multiply  indexed  as  hOt 
and  OkT"  (h  =  k) ;  these  dimensions  give  a  calculated  density  of  1*42  gm/cm3, 
which  is  more  reasonable.  The  research  proposed  below  includes  a  thorough 
investigation  of  polymorphisms  for  the  homologous  series  of  MDl/diol 
hard  segments. 

4 .  Conformational  Analysis 

We.  have  used  minimum  energy  conformational  analysis  to  predict  the 
conformation  of  the  poly(MDI/diol )  chains.  (34)  This  is  the  first  time 
that  such  analyses  have  been  applied  to  polyurethanes.  Standard  bond 
lengths  and  angles  were  used  for  the  aromatic  and  aliphatic  groups;  for 
the  urethane  groups  we  surveyed  nineteen  urethane  structures  in  the  crys¬ 
tal  lography  literature  and  generated  the  average  values.  The  potential 
energy  calculation  included  terms  for  non-bonded,  electrostatic,  torsional. 
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and  bond  angle  deformation.  The  main  conclusions  with  respect  to  the 
poly (MDI/butandiol )  chain  were  as  follows: 

a)  The  phenyl  groups  are  mutually  perpendicular,  as  was  found  for  the 
model  compounds  MeMMe I . 

b)  The  phenyl  and  urethane  groups  are  also  predicted  to  be  perpendicular, 

(, ,  =90°)  compared  to  i|;=10*2,  13*2,  and  39*4°  in  the  model  compounds. 

The  observed  conformations  are  3-6  kcals/mole  higher  than  the  energy 
minimum.  This  gives  an  idea  of  the  energy  due  to  packing  forces  and 
hydrogen  bonding.  In  addition  there  is  the  possibility  of  7T-orbital 
overlap  between  the  phenyl  and  urethane  groups.  A  similar  problem 

is  encountered  in  predicting  the  structure  of  Kevlar.  (35,36)  However, 
for  the  dipheny lmethane  diurethane  unit,  the  overall  length  is  rela¬ 
tively  insensitive  to  the  value  of  ty. 

c)  The  butandiol  unit  must  be  in  the  planar  all-trans  conformation  and 
arranged  trans  to  the  urethanes,  otherwise  the  observed  fiber  repeat 
of  37-9A  cannot  be  achieved. 

From  these  calculations,  the  conformation  of  the  poly (MDI/butandiol ) 
chain  can  be  predicted,  and  this  has  a  similar  appearance  to  that  in 
fig.  1(b),  except  that  the  fiber  repeat  is  37-9X.  We  have  also  started 
a  packing  analysis  to  see  how  the  chain  will  fit  into  the  unit  cell. 

This  analysis  uses  the  Williams  packing  analysis  (PACK)  programs,  (37)  and 
refines  the  structure  in  terms  of  the  conformational  angle  and  the 
orientation  of  the  chain  about  its  axis.  Although  this  work  is  not 
complete,  it  is  immediately  apparent  that  the  b  dimension  of  4*67A  is 
too  short^for  acceptable  packing,  but  that  this  can  be  achieved  with 
a  =  b-5*lA.  We  propose  to  continue  this  analysis,  coupled  with  linked 
atom  least  squares  refinement  against  the  x-ray  data.  Conformational 
analysis  has  also  been  carried  out  for  MDI/diol  hard  segments  with  other 
diol  chain  extenders.  Some  of  the  results  of  this  work  are  included 
in  the  next  section. 

5j. _ Poly  (MDI/diol)  Structures  for  the  Co  -  CR  diol  Series 

We  have  extended  the  above  x-ray  and  model  building  studies  to 
consider  the  structures  of  MDI/diol  hard  segments  prepared  from  other 
chain  extenders,  (38-40)  specifically  to  see  how  the  structures  vary 
across  the  homologous  series  of  diols  from  C2-Cg.  X-ray  fiber  diagrams 
were  obtained  for  films  of  the  C3  -  Cg  polymers  stretched  700%  at  130°C. 

For  the  C2,  C7,  and  Cg-polymers  this  approach  was  not  successful  and 
specimens  were  prepared  by  stretching  400%  at  room  temperature.  Sche¬ 
matics  of  the  x-ray  patterns  for  the  series  are  shown  in  fig.  3.  The 
fiber  repeats  for  the  MDI/diol  polymers  are  shown  in  Table  1. 


3  Schematics  of  the  x-ray  diffraction  patterns  of  oriented  films  of: 

(a)  MDl/butandiol/PTMA 

(b)  MD I / hexand io 1 / PTMA 

(c)  MDl/octandiol/PTMA 

(a),  (b),  and  (c)  all  show  the  characteristics  of  extended  conformations 
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Fig.  3  (continued) 

Schematics  of  the  x-ray  diffraction  patterns  of  oriented  films  of: 

(d)  MDl/ethylene  glycol/PTMA 

(e)  MD I/p ropandioj /PTMA 

( f)  MDI/pentandiol /PTMA 

(g)  MDT /heptnndio] /PTMA 

N.l’>.  (d),  (e),  (I),  and  (g)  all  show  the  characteristics  of  contracted 

con  format  ions . 
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Table  1 


Fiber  repeats  for  poly (MDI/diol )  h omologous  series 


-  (CH2) 


x 


X 


Fiber  Repeat 
(per  monomer)  A 


Conformation 


2 

'3 

4 

5 

6 

7 

8 


15*0  ±0-2 
16*2  ±  0*2 

18*95  ±0-2 

18*610-2 

20 • 85  1  0*2 

20*7  10*4 

22*8  10*4 


Contracted 

Contracted 

Extended 

Contracted 

Extended 

Contracted 

Extended 


From  table  1  it  can  be  seen  that  the  polymers  fall  into  two  classes. 
Prediction  of  the  fiber  repeats  by  conformational  analysis  shows  that 
the  C^,  C&,  and  Cg-polymers  crystallize  in  the  minimum  energy,  fully 
extended  conformations.  The  crystal  structures  of  the  C&  and  Cg-polymers 
appear  to  be  analogous  to  that  for  the  C;4-polymer  in  fig.  1(b),  with 
simply  the  addition  of  further  trans  -CH2-CH2-  units.  The  other  polymers, 
however,  are  less  crystalline,  and  all  have  fiber  repeats  significantly 
shorter  than  those  predicted  for  the  fully  extended  chains.  The  length 
of  the  dipheny lmetliane  diurethane  unit  is  not  very  sensitive  to  confor¬ 
mation,  and  hence  the  reduction  in  the  fiber  repeat  must  occur  in  the 
dtol  section  of  the  chain,  i.e.,  there  must  be  some  gauche  C2  groups. 
i'he  conformational  analysis  shows  that  in  all  cases  the  observed  fiber 
repeat  is  given  by  a  contracted  chain  with  two  gauche  torsional  angles 
in  the  diol  section,  the  remainder  being  t  runs .  For  the  C2-polymer, 
this  requires  the  gauche*  -  trans  -  guache"  conformation,  which  is  shown 
in  fig.  4(a).  The  other  polymers  have  longer  diol  sections  and  this 
leads  to  ambiguity:  for  the  Cg-polymer  both  the  trans  -  gauche+-  gauche* 
t_ra_n_s  and  gauche*  -  trans  -  trans  -  gauche-1-  conformations  match  the  observed 
fiber  repeat  of  L6-2.A.  These  two  conformations  are  shown  in  fig.  4(b); 
the  former  conformation  is  of  slightly  lower  energy.  In  this  regard, 
the  structure  of  the  model  compound  HOBMBOH  favors  the  former  conforma¬ 
tion.  In  HOBMBOH  the  diol  units  are  planar,  hut  are  gauche  to  the  urethane 
the  separation  of  the  appropriate  CH2  groups  predicts  a  fiber  repeat  of 
16.T4A  for  the  C 3-po lyme r .  Similar  agreement  is  obtained  for  the  repeats 
of  the  Cr  and  Cy-|iol  ymers. 

All  of  tite  polymers  adopt  staggered  triclinic  structures,  except 
for  the  C2  and  (’,3-polymers.  Here  the  x-ray  patterns  shoV  meridional 
reflections,  indicating  that  the  unit  cells  are  monoclinic  or  ortho¬ 
rhombic  and  the  base  planes  are  perpendicular  to  the  chain  axes,  i.e, 
adjacent  chains  ire  in  register  rather  than  staggered.  Further  work 
is  necessary  to  liml  the  explanation  for  this.  However,  it  is  not  un¬ 
usual  lor  tin'  first  one  or  two  members  of  a  homologous  series  to  be 
except  ions  to  the  gene 'ail  behavior.  It  may  be  that  the  (A  and  Cg-diols 
are  too  short  to  allow  for  adequate  packing  of  the  large  dipheny lmetliane 
units  in  the  staggered  arrays.  This  may  also  explain  why  the  C2~polymer 
has  a  contracted  rather  than  extended  conformation. 


(a)  Contracted  conformation  of  poly (MDl/ethy lene  glycol)  with 
gauche  -  trans  -  gauche  diol  section.  (38) 

(h)  Twc)  possible  contracted  conformations  for  poly (MDI/propandiol ) .  (38) 

...  ,  +  ,  + 

( l)  gauche  -  trans  -  trans  -  gauche 

(  i  i)  trans  -  gauche  -  gauche  -  trans 


21 


We  have  already  referred  to  evidence  for  polymorphism  in  some  of 
these  structures.  The  best  evidence  for  this  comes  from  the  polymer 
where  there  Ls  sometimes  evidence  for  a  small  proportion  of  a  contracted 
form  that  increases  in  content  with  annealing.  There  is  also  evidence 
for  an  apparently  contracted  form  for  the  C 4  polymer  that  decreases 
in  content  on  annealing  at  U0°C.  Nevertheless,  the  predominant  form 
in  the  unoriented  and  oriented  films  of  these  two  polymers  is  the  ex¬ 
tended  conformation.  Polymorphism  is  a  common  phenomenon  in  polymer 
structures  and  it  should  not  be  surprising  that  it  occurs  for  these 
polyurethanes . 

Examination  of  fig.  1(b)  shows  a  simple  reason  for  the  different 
behavior  of  the  odd  series  of  polymers.  In  the  even  polymers,  the 
carbonyls  point  to  opposite  sides  of  the  planar  zigzag,  which  leads  to 
the  formation  of  straight  hydrogen  bonds  between  the  staggered  chains. 

When  we  have  an  odd  diol  extender,  however,  the  carbonyls  point  to  the 
same  side  of  the  fully  extended  chains,  and  this  would  lead  at  best  to 
the  formation  of  highly  non-linear  hydrogen  bonds.  Thus  it  is  not  sur¬ 
prising  that  the  odd  diol  polymers  take  up  a  contracted  conformation 
in  order  to  optimize  their  hydrogen  bonding  network. 

These  structures  can  be  correlated  with  the  reported  zigzagging 
of  the  bulk  properties  of  the  elastomers  as  one  goes  from  odd  to  even 
diols  along  the  series,  (7-9)  with  the  better  properties  occurring  for 
the  even  series.  The  even  diol  polymers  crystallize  in  the  minimum 
energy  conformation  with  a  very  efficient  molecular  packing.  In  con¬ 
trast,  the  odd  diol  series  have  to  crystallize  in  a  higher  energy 
conformation,  for  which  the  packing  is  probably  less  efficient  (further 
work  is  necessary  to  be  sure  of  the  latter  point,  but  it  appears 
likely).  The  development  of  crystallinity  is  an  important  factor  in 
the  phase  separation  which  in  turn  determines  many  of  the  properties. 

Further  work  is  necessary  to  build  on  these  correlations  in  order  to 
understand  the  relationships  between  the  physical  structures  and  the 
bulk  properties. 

6 .  D i  f  frac  t  ion_  Da  t a  f or  PTMA 

The  above  x-ray  studies  of  the  hard  segment  structures  were  done 
mainly  on  specimens  in  which  the  soft  segments  are  amorphous,  due  to 
annealing  at  a  temperature  above  the  soft  segment  melting  temperature. 

(liven  the  smail  amount  of  x-ru>  data  for  the  hard  segments,  it  is  essen¬ 
tial  to  be  sure  that  none  of  the  reflections  are  due  to  residual  soft 
segment  crystallinity.  For  this  reason  we  have  studied  the  diffraction 
characteristics  of  the  soft  segment  polymer,  PTMA.  This  work  is  described 
in  detail  in  reference  33.  The  basic  conclusion  is  that  there 
are  two  crystalline  forms  of  PTMA,  designated  a-  and  8-.  We  were  able 
to  establish  the  unit  cells  of  these  polymers  from  the  x-ray  patterns  of 
oriented  films  o!  the  homopolymer,  augmented  by  electron  diffraction  pat¬ 
terns  ul  normal  and  epitaxially  grown  single  crystals.  These  data  were 
utilized  in  our  studies  of  the  (1..,  C7,  and  Cg-po  1  ymers,  which  were  stretched 
at  room  temperature  and  showed  the  diffraction  characteristics  of  both  the 
hard  and  soft  segments. 
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